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Abstract

Free-standing reduced graphene oxide (rGO) has been gaining popularity for its
use in supercapacitors and battery applications due its facile synthesis, multi-layered
structure, and high-current carrying capacity. Pertinent to the successful
implementation of such applications, however, is the need to develop a thorough
understanding of the electrical properties of such materials when subject to high
applied electric fields. In this work, we undertake a detailed study of high-field
electrical properties of mm-scale, lightly-reduced, rGO papers. Our results reveal that
the -V curves exhibit substantial nonlinearity with associated hysteresis that depends
strongly on the applied electric field. The nonlinear behaviour which was interpreted
using conventional transport models of Fowler-Nordheim tunnelling and space charge
limited conduction revealed that while these models provided good qualitative fits to
our data, they were quantitatively lacking, thus leaving the issue of high-field transport
mechanisms in rGO open for debate. Careful |-V cycling experiments with
measurement time-delay introduced between cycles revealed that the observed
hysteresis contained recoverable and non-recoverable parts that we identified as
arising from charge trapping and Joule heating effects, respectively. Time-dependent
measurements showed that these effects were characterized by two distinct time

scales. Importantly, the Joule heating was found to cause a permanent conductivity



improvement in the rGO via the ‘current annealing’ effect by effectively eliminating
oxygenated groups from the rGO. The analysis of the electrical breakdown in our
samples resembled a thermal runaway-like event that resulted in premature damage
to the rGO. Finally, we investigated the low-field resistivity in the 80 K-300 K
temperature range. The reduced activation energy analysis revealed a robust power
law behaviour below 230 K, while deviating from this trend at higher temperatures. For
samples that received current annealing treatment, a reduced value for the power law

exponent was obtained, confirming the effective lowering of disordered regions.

Keyword: free-standing rGO, high-bias current-voltage behaviour, space charge limited
conduction, Fowler-Nordheim tunneling, Joule heating, charge trapping, variable range

hopping and power law tranaport
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Method Typical dimension Advantage Disadvantage

Thickness Lateral . Directly from graphite

- S Eessessces—————— S, BN i E S - - A A -m u
Micromechanical Few layers ‘pmto | Large size and unmodified Very small seale
exfoliation cm graphene sheets production
Direct sonication of Single pm or - Unmodified graphene, Low yield;
graphite and sub- inexpensive separation

multiple’ | pm
layers
Electrochemical Single 500-, Single step functionalization  Cost of ionic
exfoliation/functionalization ' and few | 700 nm | and exfeliation; high electrical ' liquids
of graphene layers conductivity of the
functionalized graphene
Super acid dissolution of Mostly 300- | Unmodified graphene; Use of hazardous
graphite single 900 nm_ scalable chlorosulfonic
layer acid: cost of acid
removal
1 4
= aa o L3 = 1 =
19199 2.2 WAUATIEUNTINUINNANIUUY

Method Typical dimension Advantage Disadvantage
Thickness Lateral

Confined self- Single layer | 100's nm Thickness control Existence of defects

assembly

CVvD Few layer Very large Large size; high quality Small production scale

(cm)

Arc discharge Single, bi Few 100 nm | Can produce ~10 g/h of Low yield of graphene;
and few toafewpm | graphene carbonaceous impurities
layers

Epitaxial growth Few layers Up to cm size | Very large area of pure Very small scale

on SiC graphene

Unzipping of Multiple few 1L m long | Size controlled by Expensive starting

carbon layers nano ribbons | selection of the starting material; oxidized

nanotubes nanotubes graphene

Reduction of Multiple Sub-pm Un-oxidized sheets Contamination with a-

layers Al>O3 and a-AlS
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Free-standing GO

, : ’ film peeled off
GO solution with /‘ /\ from the filter
different concentration Vet membrane
of GO : DI water filtration
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rGO film contacted with

source and drain copper Free-standing rGO film Thermal annealing
strips using conductive paste after annealing using tube furnace
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Tusnefidlenanisnalnnsindeuiivesdidnasouiiieadestugumnivestaniud
sedundauiane (Localized State) thuasifnanszuaunnisdiessiumdseuuulddangy
(Inelastic) wammzUszafiazyiinisnsglau (Hopping) Tuaseminsszdumdssmuianzdngs
vililnedlefigaumgiidunisdesmansglauiiindasFoniniunisnsslauidnuoudmn
Frglunisnsglandeanuisnesuigldelumaiiiondn Variable Range Hopping Model s
TnelulinatiasldesunenalnnisedeuiivemngdseqluansisimifiiSesuuulidy
sufoundevesudsodugulaonanstlauvesnmeuszluiansuieanainnisiivismes

£%

gounnliNTUTMan iR aunIs 8

o= gye (To/DYED (8)

1Y

e d AeviAveINInsElauveInveysey (Seuriiavaslunantuegiuilf) We d = 1, 2 uag

)
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srefuiuluma 3D-Mott Variable Range Hopping Sauandliidiussaunsii 9 [65]
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G(T) = G¢ + G, exp (— ?) +Grexp (= m:77) 9
dlo Gy, G, uaz G, Wunsdwesivsuasdsduusznauvesluna 3D-Mott Variable Range

Hopping, NalNN15LAA UM LANIINNIINTEA UAIEAIINTDULALNITABAE LUIAAIDUAY

AUANU [65]
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auvedlave, k ABA1ATIYEY Boltzmann, wag Ag ABNAAMIENINAIAINEING Ay AAIEY

AN IEYRsTanTelaevIdlUnaI9Lagh 0.5
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Schottky Emission
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24.2 LLUUﬁTWamﬂﬁlﬂﬂﬂi%uﬁQW”}Mzﬂizﬁ;LLUU Poole-Frenkel (Poole-Frenkel mechanism
model)
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state) aisenladnAnegivernauieuatliaunsamdouitlusous nanlaunluuienss

AMuAuRILYIANNFaulLUUdLLar lausananisalldazyilidianaseuding sauiiies

1%
=

NONALEAIUI5090NIINADULN UL Lo kazpdaud lgawauln (Conduction band) wagiile
a a 4 1 o dl' d' ] = 9-/\::/ 1 d! 1 d' LY} 4 1 dy
ddnaseuinguauthavainsandeunuranldtinsuilsneuasameduddanugiuly
= A 3B a o oA = = A v &
ndunTenAeluineg fudnornounilauny JanmungufuaInanssnuvesUsingnisel
Poole-Frenkel aunsatU3suisulaiuiunansznuainusingnasal Schottky @udunns
anapINUuNen navanduluauiuseslanssuiiesanuiisemslniradndiu
auu il mdudrusauszausznindlansuazawirulniusag19lsAniunisulud19Ae
INBUVINADIH AN UL oA nn1sU A 1wuuanAm (Bulk-limited conduction) 4ii®

nszuaun1smsiliignindanieladanluraeinssualiingniaeeiaminuanseny

[
a LY

193U Ngn1580 Schottky agndanadsieid adnisdilni17 gndrdavindsduda
(Contact-limited) wianalnnisdaianisualviituinvuusnaduseusgaiusenindany

wazauulnin [64,68]

Poole-Frenkel emission
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2.4.3 wuudItasInablnnIsrudInIeyseauuun15Ynelusd FN (F-N Tunneling mechanism
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2.4.5 WuudaeInabnn1svudInIneUsequuu TAT (Trap-assisted tunneling mechanism
model)
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2.5.1 NdpINIIAUBLANATOULUUEABINTIA (Scanning Electron Microscope)
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2.5.3 inANAIATIEINSIaENUUYRISIABND (X-ray Diffractometer: XRD)
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